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DOWHUQDWLYH WR WUDGLWLRQDO SRZHU VRXUFHV XVHG WR RSHUDWH FHUWDLQ W\SHV RI VHQVRUVDFWXDWRUV WHOHPHWU\ DQG0(06
GHYLFHV,QDUHFHQWVWXG\E\WKHUHVHDUFKHUVWKHDELOLW\WRWDNHWKHORZHQHUJ\JHQHUDWHGWKURXJKWKHYLEUDWLRQRID
SLH]RHOHFWULFPDWHULDOZDVVKRZQWREHFDSDEOHRIUHFKDUJLQJDGLVFKDUJHGQLFNHOPHWDOK\GULGHEDWWHU\7KXVIRU
SRZHUKDUYHVWLQJWHFKQRORJ\WRPDNHLWVZD\LQWRWKHFRPPHUFLDOPDUNHWPHWKRGVRIDFFXPXODWLQJDQGVWRULQJWKH
KDUYHVWHG HQHUJ\ XQWLO D VXIILFLHQW DPRXQW FDQ EH UHFRYHUHG WR SRZHU WKH SRUWDEOH HOHFWURQLFV DUH WKH NH\ WR D
VXFFHVVIXOSRZHUKDUYHVWLQJV\VWHP7KHUHDUHPDQ\YLEUDWLRQVRXUFHVVXFKDVLQGXVWULDOPDFKLQHULHVKLJKZD\URDG
DLUSRUW UXQZD\ UDLO ZD\ HWF 7KLV KXJH YLEUDWLRQ HQHUJ\ FDQ EH FRQYHUWHG LQWR HOHFWULFDO HQHUJ\ E\ XVLQJ
SLH]RHOHFWULF PDWHULDO ,Q WKLV SDSHU D W\SLFDO V\VWHP KDV EHHQ GHYHORSHG IRU FRQYHUVLRQ E\ XWLOL]LQJ YLEUDWLRQ
VRXUFHVLQWRXVHIXOZRUNDQGSURVSHFWVRILWLQ%DQJODGHVK
6FRSHVLQ%DQJODGHVK
%DQJODGHVK LV D JURZLQJ GHYHORSLQJ FRXQWU\ EDVHG RQ LQGXVWULHV DQG LQIUDVWUXFWXUHV&XUUHQWO\ LW KDV D JRRG
QXPEHURIODUJHPHGLXPDQGVPDOOVL]HGLQGXVWULHVLQERWKSXEOLFDQGSULYDWHVHFWRUVEDVHGRQERWKLQGLJHQRXVDQG
LPSRUWHGUDZPDWHULDOV$PRQJWKHPDUHMXWHFRWWRQWH[WLOHIHUWLOL]HUHQJLQHHULQJVKLSEXLOGLQJLURQDQGVWHHORLO
UHILQHU\SDSHUQHZVSULQWVXJDUFKHPLFDOVFHPHQWDQGOHDWKHU$FFRUGLQJWRWKHVXUYH\RIPDQXIDFWXUHLQGXVWULHV
WKH WRWDOQXPEHURIPDQXIDFWXULQJHVWDEOLVKPHQWVRI%DQJODGHVKXS WR LVVKRZQLQ7DEOH7RWDO LQGXVWULDO
HVWDWH QXPEHU RI%6&,& LV  RQZKLFK HDFK HVWDWH FRQWDLQVPRUH WKDQ KXQGUHG LQGXVWULHV DQG WRWDO QXPEHU RI
LQGXVWU\ LQ %DQJODGHVK LV DERXW  $OO RI WKHP WKH QXPEHU RI FRWWRQ WH[WLOH LQGXVWULHV LV >@ DQG MXWH
PDQXIDFWXULQJ LQGXVWU\ LV  >@7KLV KXJH QXPEHU RI LQGXVWULHV FRQWDLQV D ODUJH QXPEHU RIPDFKLQHV DQG WKH\
DOZD\VYLEUDWHFRQWLQXRXVO\LQRSHUDWLRQWLPHUHVXOWLQJORVVRIHQHUJ\
7DEOH2YHUYLHZRILQGXVWU\LQ%DQJODGHVK
%6&,&,QGXVWULDOHVWDWHQXPEHU
'KDND 5DMVKDKL &KLWWDJRQJ .KXOQD %DULVKDO 6\OKHW
     
2YHUDOOQXPEHURILQGXVWU\LQ%DQJODGHVK
'KDND 5DMVKDKL &KLWWDJRQJ .KXOQD %DULVKDO 6\OKHW 7RWDO
      

7KHUHDUHSRZHUSODQWVFRQWDLQLQJXQLWV >@ LQERWKSXEOLFDQGSULYDWHVHFWRU LQ%DQJODGHVK7KHRWKHU
UHPDUNDEOHVRXUFHVDUHKLJKZD\URDGLQZKLFKQDWLRQDOKLJKZD\LVNPDQGUHJLRQDOKLJKZD\LVNP
>@(YHU\GD\PDQ\KHDY\YHKLFOHV UXQRQ WKLV URDGE\FUHDWLQJYLEUDWLRQZKLFKPD\EHFRXQWHG IRU WKLVSURMHFW
2WKHUSRVVLEOHVRXUFHVDUHEULGJHWKDWQXPEHULVDERXW>@:HDUHDOVRFRQFHUQHGDERXW%DQJODGHVKUDLOZD\
ZKLFKFRYHUVDOHQJWKRIURXWHNLORPHWUHDQGVKDKMDODOLQWHUQDWLRQDODLUSRUWUXQZD\FRYHULQJPORQJ
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6SHFLDOLQYHVWLJDWLRQZDVGRQHRQ5DMVKDKL%6&,&LQGXVWULDODUHDUHFHQWO\DQGVHYHUDOLQGXVWULHVZHUHWHVWHGDQG
PHDVXUHG YLEUDWLRQ OHYHO XQGHU WKLV FRQFHUQ $ ³79 9LEUDWLRQ 7HVWHU´ ZDV XVHG WR PHDVXUH WKH GDWD IURP
IROORZLQJLQGXVWULHVDQGRQO\VRPHW\SLFDOGDWDLVPHQWLRQHGDVDWDEXODWHGIRUPLQ7DEOH7DEOHVKRZVRQO\
LQGXVWULHV UHSRUW FRQWDLQLQJ YLEUDWLRQDO DFFHOHUDWLRQ YHORFLW\ DQG GLVSODFHPHQW 7KH GDWD IRXQG LV HQRXJK IRU
FRQYHUVLRQSURFHVVZKLFKLVGHVFULEHGLQWKLVSDSHU7KHUHIRUHLWFDQEHPHQWLRQHGWKDWWKHLQGXVWULDOPDFKLQHULHV
DUHWKHPDMRUVRXUFHVRIWKLVH[SHULPHQW
)XQGDPHQWDORISLH]RHOHFWULFPDWHULDO
3LH]RHOHFWULFPDWHULDOKDVDGGHGDQHZGLPHQVLRQLQDGYDQFHVFLHQFHDQGUHVHDUFK7KHSLH]RHOHFWULFHIIHFWH[LVWV
LQWZRGRPDLQVWKHILUVWLVWKHGLUHFWSLH]RHOHFWULFHIIHFWWKDWGHVFULEHVWKHPDWHULDO¶VDELOLW\WRWUDQVIRUPPHFKDQLFDO
VWUDLQ LQWRHOHFWULFDOFKDUJHDQG WKHVHFRQG IRUP LV WKHFRQYHUVHHIIHFWZKLFKKDVWKHDELOLW\ WRFRQYHUWDQDSSOLHG
HOHFWULFDO SRWHQWLDO LQWRPHFKDQLFDO VWUDLQ HQHUJ\ DV VKRZQ LQ )LJ  7KH SLH]RHOHFWULF PDWHULDOV >@ WKDW H[LVW
QDWXUDOO\DVTXDUW]ZHUHQRWLQWHUHVWLQJSURSHUWLHVIRUWKHSURGXFWLRQRIHOHFWULFLW\&KDUDFWHULVWLFIHDWXUHV>@RIVRIW
SLH]RFHUDPLFPDWHULDOVDUHFRPSDUDEO\KLJKGRPDLQPRELOLW\DQGUHVXOWLQJVRIW IHUURHOHFWULFEHKDYLRU LH LW LV
UHODWLYHO\HDV\WRSRODUL]HZKLFKLVXVHGIRUVRXQGFRQYHUVLRQDQG+DUG3=7PDWHULDOVFDQEHVXEMHFWHGWRKLJK
HOHFWULFDODQGPHFKDQLFDOVWUHVVHVZKLFKLVXVHGIRUYLEUDWLRQ










)LJ3LH]RHOHFWULFHIIHFW
3.1. Equations of piezo electric material  
3LH]RHOHFWULFLW\LVGHVFULEHGPDWKHPDWLFDOO\ZLWKLQDPDWHULDO
VFRQVWLWXWLYHHTXDWLRQ>@ZKLFKGHILQHVKRZWKH
SLH]RHOHFWULFPDWHULDO
V VWUHVV 7 VWUDLQ 6 FKDUJHGHQVLW\ GLVSODFHPHQW ' DQG HOHFWULF ILHOG ( LQWHUDFW7KH
SLH]RHOHFWULFFRQVWLWXWLYHODZLQ6WUDLQ&KDUJHIRUPLV

          
 

7KH PDWUL[ d FRQWDLQV WKH SLH]RHOHFWULF FRHIILFLHQWV IRU WKH PDWHULDO DQG LW DSSHDUV WZLFH LQ WKH FRQVWLWXWLYH
HTXDWLRQWKHVXSHUVFULSWtVWDQGVIRUPDWUL[WUDQVSRVH


       
 

'\QDPLF HTXDWLRQ >@ RI WKH HOHFWURPHFKDQLFDO VWUXFWXUH LV JLYHQ E\  ZKHUH WKH HIIHFWLYH PHFKDQLFDO
GLVSODFHPHQW LVu HIIHFWLYHPDVVM HIIHFWLYHSLH]RHOHFWULF FRHIILFLHQWĮ HIIHFWLYHSLH]RHOHFWULF IRUFHFP DQG WKH
SLH]RHOHFWULF YROWDJH V 7KLV FRHIILFLHQW GHILQHV WKH UHODWLRQ RI WKH SLH]RHOHFWULF LQWHUQDO FXUUHQW I ZLWK WKH
PHFKDQLFDOVSHHG DVZULWWHQLQ

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([SHULPHQWDOVHWXSDQGSURFHGXUH
)LJXUHVKRZVWKHEORFNGLDJUDPRIWKHKDUYHVWLQJSURFHVV(YHU\PDFKLQHFUHDWHVYLEUDWLRQLQUXQQLQJPRGHRU
RSHUDWLRQKRXU7KLVYLEUDWLRQ LV WKHHQHUJ\UHOHDVHVDV WKHIRUPRINLQHWLFHQHUJ\DQG WUHDWHGDVD ORVWHQHUJ\$
SLH]RHOHFWULFPDWHULDOLVDWWDFKHGRQWKHYLEUDWLQJERG\DQGZKHQLWGHIRUPHGFRQWLQXRXVO\WKHQLWSURGXFHHOHFWULF
HQHUJ\7KHHOHFWULFHQHUJ\WKHQVWRUHGLQEDWWHU\WKURXJKFKDUJLQJFLUFXLWIRUODWHUXVH
)LJ%ORFNGLDJUDPRIKDUYHVWLQJHQHUJ\IURPYLEUDWLRQVRXUFH
 7KHV\VWHPZKLFKZDVXVHGLQWKLVH[SHULPHQWDVDYLEUDWLRQVRXUFHLV+S%HFR'LHVHO(QJLQHDVVKRZQLQ
)LJ  LQ USP UXQQLQJPRGH)LJXUH VKRZV WKH H[SHULPHQWDO VHW XS LQFOXGHGDOO DSSDUDWXV7KLVYLEUDWLRQ
VRXUFHUHOHDVHVPHFKDQLFDOHQHUJ\LQWHUPVRIVRXQGDQGYLEUDWLRQDWDWLPHZKLFKLVXQGHVLUDEOHDQGORVVRIHQHUJ\
$SLH]RHOHFWULFPDWHULDOZDVDWWDFKHGRQWKHERG\DQGFRQQHFWHGWRDFLUFXLW$GLJLWDOPXOWLPHWHUZDVFRQQHFWHGWR
WKHFLUFXLWWRPHDVXUHWKHRXWSXWYROWDJHDQGDYLEUDWLRQWHVWHUZDVDOVRDWWDFKHGRQWKHERG\LQWKHVDPHSRLQWRI
SLH]RHOHFWULFPDWHULDOIRUPHDVXULQJWKHYLEUDWLRQOHYHO(OHYHQSRLQWVZHUHORFDWHGRQWKHV\VWHPWRPHDVXUHWKH
YLEUDWLRQOHYHO

'LHVHO(QJLQH

 
0DJQHWLFEDVH
3=7
9LEUDWLRQ7HVWHU
:LUH







3URMHFW%RDUG'LJLWDO0XOWLPHWHU

)LJ([SHULPHQWDOVHWXSRQ+S%HFR'LHVHO(QJLQH  )LJ&LUFXLWGLDJUDPRIFKDUJLQJEDWWHU\
$QDO\VLVRIFKDUJLQJFLUFXLWDQGFRQQHFWLRQ
'XH WR VWUHVVDQG VWUDLQFDXVHGE\YLEUDWLRQ WR WKHSLH]RHOHFWULFPDWHULDOGXDOSRODULW\RI FKDUJH UHVXOWV LQ DQ
DOWHUQDWLQJ FXUUHQW $& ZKLFK LV WKHQ FRQYHUWHG LQWR GLUHFW FXUUHQW '& E\ D IXOO EULGJH UHFWLILHU $&'&
FRQYHUWHU>@LVXVHGWRPD[LPL]HWKHSRZHUWUDQVIHUWRWKHORDG)LJXUHVKRZVWKHFLUFXLWGLDJUDPRIIXOOEULGJH
UHFWLILHU ,I WKH QXPEHU RI SLH]R HOHFWULF PDWHULDO FDQ EH LQFUHDVHG WKHQ WKH RXWSXW YROWDJH PD\ EH IRXQG LQ
VDWLVIDFWLRQOHYHOLQVSLWHRIGURSSLQJVRPHYROWDJH6LQFHWKHSRZHURXWSXWIURPDVLQJOHSLH]RILOPZDVH[WUHPHO\
ORZFRPELQDWLRQRIIHZSLH]RILOPVZDVLQYHVWLJDWHG7KUHHSRVVLEOHFRQQHFWLRQVZHUHWHVWHGSDUDOOHODQGVHULHV
FRQQHFWLRQV7KHSDUDOOHOFRQQHFWLRQGLGQRWVKRZVLJQLILFDQWLQFUHDVHLQWKHYROWDJHRXWSXW:LWKVHULHVFRQQHFWLRQ
DGGLWLRQDOSLH]RILOPUHVXOWVLQLQFUHDVHGRIYROWDJHRXWSXWEXWQRWLQOLQHDUSURSRUWLRQ>@
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([SHULPHQWDOUHVXOWV
$IWHU FRPSOHWLQJ WKH H[SHULPHQWDO VHWXS DQG FLUFXLW ERDUG FRQQHFWLRQ GDWDZDV WDNHQ E\ YLEUDWLRQ WHVWHU DQG
GLJLWDO PXOWLPHWHU 7KH H[SHULPHQWDO UHVXOW RI DFFHOHUDWLRQ RI UPV DQG SHDN YDOXH YHORFLW\ GLVSODFHPHQW DQG
YROWDJH DUH WDEXODWHG LQ 7DEOH 7KH RXWSXW YROWDJH ZKLFK LV WKH UHVXOW RI GHIOHFWLRQ RI SLH]RHOHFWULF PDWHULDO
IOXFWXDWHVLQWKHUDQJHDERXWYROW$WWKHVDPHWLPHWKHDPRXQWRIFXUUHQWLVYHU\ORZLQP$UDQJHVUHVXOWV
P:HQHUJ\7KHVHOHFWHGHOHYHQSRLQWVRQWKHVRXUFHSRLQWVVKRZVWKHGLIIHUHQWYDOXHRIYROWDJHGXHWRYLEUDWLRQ
7DEOH$FFHOHUDWLRQYHORFLW\GLVSODFHPHQWDQGYROWDJHRQGLIIHUHQWSRLQWRIGLHVHOHQJLQH
SRLQW $FFHOHUDWLRQPV 9HORFLW\
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 'DWDIURPWDEOHKDVEHHQSORWWHGLQJUDSKZKLFKGHSLFWVWKHYDULDWLRQFOHDUO\,Q)LJKLJKYROWDJHYROWLV
IRXQGDWSRLQWRQWKHPDFKLQHDVZHOODVWKHKLJKYROWDJHLVUHFRUGHGDWKLJKDFFHOHUDWLRQDWWKHVDPHSRLQWRQWKH
PDFKLQH,WLVYHU\FOHDUIURP)LJWKDWDFFHOHUDWLRQDQGGLVSODFHPHQWRYHUYROWDJHIOXFWXDWHVYHU\UDSLGO\,QWKH
UHJLRQRIYROWDJHWR$FFHOHUDWLRQDQGGLVSODFHPHQWLVKLJK
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
)LJ2XWSXWYROWDJHFXUYHDWGLIIHUHQWSRLQWV )LJ$FFHOHUDWLRQDQG'LVSODFHPHQWYV9ROWDJHFXUYHVDWGLIIHUHQWSRLQWV
 
 )LJXUHLVWKHYROWDJHYHUVXVWLPHFXUYHZKLFKVKRZVDWSRLQWWKHYROWDJHLVKLJKDQGDWWKLVSRLQWWKHYROWDJH
LV JUDGXDOO\ LQFUHDVLQJ ZLWK UHVSHFW WR WLPH DQG DIWHU FHUWDLQ WLPH LW UHPDLQV FRQVWDQW 7KHUH LV QR DQ\ DEUXSW
IOXFWXDWLRQRIYROWDJHDWWKHVDPHWLPHLWLVQRQOLQHDUYROWDJH7KHVLQXVRLGDOFXUYHZKLFKLVSORWWHGLQ)LJVOLJKWO\
VLPLODUWRWKHLGHDOFXUYHRIYHORFLW\DQGPD[LPXPYHORFLW\IRXQGLQWKLVH[SHULPHQWLVFPV
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&RQFOXVLRQV
$V\VWHPKDVEHHQGHYHORSHGWRLQYHVWLJDWHWKHSURVSHFWVRIHQHUJ\KDUYHVWLQJIURPYLEUDWLRQLQ%DQJODGHVK7KH
LQYHVWLJDWLRQKDVEHHQGRQHRQO\LQ5DMVKDKLLQGXVWULDODUHDVKRZHYHULWSURYLGHVDFOHDUFRQFHSWWKDWKRZPDQ\
DFWLYHDQGSRWHQWLDOVRXUFHVH[LVWLQZKROHFRXQWU\,QWKLVUHVHDUFKWKHH[SHULPHQWKDVEHHQGRQHRQDGLHVHOHQJLQH
ZKLFKKDGPD[LPXPDFFHOHUDWLRQRIPV7KHUHIRUH E\SURSHU H[SHULPHQWZLWK OLPLWDWLRQV WKLV HQHUJ\ LV
FRQYHUWHG DQGPHDVXUHG ,WZDV IRXQG WKDW WKHPD[LPXPYROWDJHZDVDERXWYROWDJHV+RZHYHU IURPVSHFLDO
LQYHVWLJDWLRQ RQ %6&,& %DQJODGHVK 6PDOO DQG &RWWDJH ,QGXVWULHV &RUSRUDWLRQ LQGXVWULDO DUHD LQ 5DMVKDKL WKH
PD[LPXPDFFHOHUDWLRQPVZDVIRXQG7KHUHIRUHLWLVFOHDUWKDWWKHPRUHHOHFWULFDOHQHUJ\FDQEHKDUYHVWHG
EHFDXVHRIKLJKYLEUDWLRQOHYHOLQLQGXVWULDOPDFKLQHULHV7KLVSDSHUKDVGHYHORSHGDPRGHODQGSURFHVVWRJHQHUDWH
SRZHUWKURXJKWKHYLEUDWLRQRIDQ\KHDY\PDFKLQHRUYLEUDWLRQVRXUFHVXVLQJSLH]RHOHFWULFHOHPHQWV7KHHOHFWULFDO
HQHUJ\KDUYHVWHG IURPDPELHQWYLEUDWLRQFDQ WKHQEHXVHG WRSRZHURWKHUGHYLFHVRUVWRUHG IRU ODWHUXVH'HVSLWH
VRPHOLPLWDWLRQVRIDUUDQJHPHQWVDQGPDWHULDOVWKHPRGHOKDVEHHQYHULILHGXVLQJH[SHULPHQWDOUHVXOWVDQGSURYHG
YHU\ DFFXUDWHO\ LQGHSHQGHQW RI H[FLWDWLRQ IUHTXHQF\ 7KLV WHFKQRORJ\ SURYLGHV D V\VWHP IRU GHYHORSLQJ SRZHU
KDUYHVWLQJSURFHVV E\GHWHUPLQLQJ WKH VL]H DQG H[WHQW RI YLEUDWLRQQHHGHG WRSURGXFH WKH GHVLUHG OHYHO RISRZHU
JHQHUDWLRQ7KHSRWHQWLDOEHQHILWVRISRZHUKDUYHVWLQJDQGWKHDGYDQFHVLQORZSRZHURUVHOISRZHUHOHFWURQLFVDQG
ZLUHOHVVVHQVRUVDUHPDNLQJWKHIXWXUHRIWKLVWHFKQRORJ\YHU\EULJKW
5HIHUHQFHV
>@ +:.LP$%DWUD63UL\D.8FKLQR5(1HZQKDP+)+RIPDQQ³(QHUJ\KDUYHVWLQJXVLQJDSLH]RHOHFWULF³F\PEDO´WUDQVGXFHULQ
  G\QDPLFHQYLURQPHQW´Proceedings of actuator Conf.SS
>@ $QGUHZ7RZQOH\³9LEUDWLRQDOHQHUJ\KDUYHVWLQJXVLQJPHPVSLH]RHOHFWULFJHQHUDWRUV´8QLYHUVLW\RI3HQQV\OYDQLD
>@ %DQJODGHVK7H[WLOH0LOOV&RUSRUDWLRQ	%70$ZZZEWPFJRYEGDFFHVVHGRQ
>@ %DQJODGHVK-XWH0LOOV&RUSRUDWLRQ	%DQJODGHVK-XWH0LOV$VVRFLDWLRQZZZEMPFJRYEGDFFHVVHGRQ
>@ %DQJODGHVK3RZHU'HYHORSPHQW%RDUG%3'%'HFHPEHUZZZESGEJRYEGDFFHVVHGRQ
>@ 5RDGVDQG+LJKZD\V'HSDUWPHQW5+'%DQJODGHVKZZZUKGJRYEGDFFHVVHGRQ
>@ 3LH]RHOHFWULFVLQ3RVLWLRQLQJ7XWRULDORQ3LH]RWHFKQRORJ\LQ1DQRSRVLWLRQLQJ$SSOLFDWLRQV3LH]R1DQR3RVLWLRQLQJ3,ZZZSLZV
>@  3LH]RHOHFWULFFHUDPLFSURGXFWV3LH]RWHFKQRORJ\3,&HUDPLFZZZSLFHUDPLFFRP
>@  ,(((6WDQGDUGRQ3LH]RHOHFWULFLW\6WDQGDUGV&RPPLWWHHRIWKH,(((8OWUDVRQLFV)HUURHOHFWULFVDQG)UHTXHQF\&RQWURO6RFLHW\
  $16,,(((6WG
>@(OLH/HIHXYUH0LFNDsO/DOODUW&ODXGH5LFKDUGDQG'DQLHO*X\RPDU³3LH]RHOHFWULFPDWHULDOEDVHGHQHUJ\KDUYHVWLQJGHYLFHVDGYDQFHVRI
  66+RSWLPL]DWLRQWHFKQLTXHV´)UDQFH
>@8.6LQJKDQG5+0LGGOHWRQ³3LH]RHOHFWULF3RZHU6FDYHQJLQJRI0HFKDQLFDO9LEUDWLRQ(QHUJ\´$XVWUDOLDQ0LQLQJ7HFKQRORJ\
  &RQIHUHQFH2FWREHU
>@-HGRO'D\RX0DQ6DQJ&'DOLPLQ01DQG:DQJ6³*HQHUDWLQJHOHFWULFLW\XVLQJSLH]RHOHFWULFPDWHULDO´ERUQHRVFLHQFHPDUFK

